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DETERMINATION OF THRESHOLD DAMAGE IN RADOME
MATERIALS BY DISCRETE IMPACT IN A

BALLISTICS RANGE

Prepared by:

J. L. Lankford
R. A. Leverance

ABSTRACT: Techniques for the study of discrete impact with solid
and liquid particles on materials specimens have been applied in
the NOL Aerophysics Range.

The techniques and results for the determination of threshold
impact damage of control materials and of a slip cast fuzed
silina are presented.

The preliminary results on droop distortion and drop stripping
are observed and compared with analytical estimates.

Data were obtained for several materials with water droplets
of approximately 1mm diameter. Data were also obtained for
limited conditions with .050" and .070" diameter lead spheres.
Velocities from approximately 300 feet per second through 3500
feet per second were obtained, depeniding upon the material
under investigation.

The major effort in this program phase was the investigation of
slip cast fuzed silica at a pressure of one atmosphere. Distinct
and repeatabie damage thresholds were observed with water impact
on this material.

The use of the Laboratory Aerophysics Range has proven to be a
rapid and economical means of obtaining valuable information
on discrete impact and materials response.

Details of illustrations in
this document may be better

studied on microlichO

NAVAL ORDNANCE LABORATORY
Silver Spring, Maryland
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INTRODUCTI ON

Rain erosion on aircraft components has been recognized as a
serious problem for many years. The problem of high-speed liquid
impact can be traced back even earlier, however, to problems in
turbine blade erosion.

More recently, the problem of rain erosion on missile
materials in hypersonic flight'has been the subject of accelerated
investigations.

The primary objective of this report is the documentation
of experimental methods and results on a study in progress in
the Naval Ordnance Laboratory Aerophysics Ballistics Range.
The first phase of this program was funded by ORD 035 of the
Naval Ordnance Systems Command and is primarily directed towards
the study of discrete impact of water droplets on ceramic
radome materials.

The potential of discrete impact studies for supplying
necessary information to fill gaps in the extremely complex pattern
of impact and erosion damage, however, justifies a discussion of
the general problem and background in addition to reporting
results of the present program.

BACKGROUND

The background of effort in water drop and particle erosion
is so extensive in some areas that a more detailed discussion and
partial bibliography is included in Appendix A.

It is not possible to cover in the space permitted here a
proper summary of the pertinent information contained in available
references, but References (1) through (4) summarize the major
findings and discuss most of the pressing and unresolved problems.
References (5) and (6) present techniques for the study of
certain problems in hypersonic rain erosion that have not been
approached in most of the work done previously at transonic and
supersonic velocities. Results of that work am being reported
in classified reports and will not be discussed in this paper
in order to keep present subject matter unclassified and to
restrict it to velocities in the supersonic region or below.

The ultimate aim of erosion research is to find workable
relations between werosion rate" or the removal of material by
successive water impact and the material and environmental
factors involved in this material removal and damage. If a
satisfactory understanding can be reached, and relations
established that can be used with acceptable convenience, a
twofold benefit should result. First, it should be possible to
predict the response of a material in a known environment without
subjecting it to expensive and tedious test evaluation. Second,
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and possibly more important, it might be possible to develop and
evaluate new materials and carefully specify the range of working
environment in which they will exhibit satisfactory erosion
resistance. As van be inferred from the last statement, it does
not appear feasible at this time to expect to develop a single
material or family of materials that will be "best" for all
erosion applications.

fAs discussed by Heyman (Ref. (2)), it must first be determined
what the true criteria are for "damage" and "erosion" since the
rate does not seem ccnstant nor the characteristics simple inmany cases. It has been demonstrated that at some conditions

many hundreds of impacts can appear to have no effect upon a
material surface, while many thousands of impacts will effect
upon that same surface noticable pitting and eventually gross
destruction of the surface with large-scale mass removal. Thus,
the fatigue and long-term effects in the erosion process cannot
be ignored. In the single impact of a liquid droplet with a
solid surface, however, although much theoretical and experimental
information is available, even for the simpler cases the entire
mechanism is not completely understood (Refs. (2), (4) and (7)).
In the case of some of the new and more complex materials, the
mechanism of drop impact and material response are mutually
interacting and much additional study is needed.

Although the eventual evaluation of erosion rate in some
materials may re4uire knowledge of dynamic materials response,
sometimes at elevated temperatures for thousands of cycles, the
response threshold to cold, single and discrete impact may supply
the much-needed insight into the impact process and material
response that is required to explain present anomalies in many
areas in this complex problem.

The small Aeroballistics Laboratory Range offers an almost
unique capability to investigate discrete impact through a wide
range of conditions within reasonable limits of expense and time.

The Whirling Arm Facility (Refs. (9) and (10)), the Rocket
Test Sled (Ref .(8)) and the Large HyperballisticsRange
(Refs. (5), (6) and 18)), all fill specific needsin certain
areas of rain erosion.

The Whirling Arm Facility (Refs. (9) and (10)) is limited
to velocities below approximately Mach 3 in the extreme, and much
of the data from these fauilities has been at lower Mach numbers.
Specimens must be small samples of materials. This type facility
is a good approach to fatigue and erosion-type environments,
but is of greatest value for relative rating of materials for
such conditions and generally does not provide a highly controlled
study of single or discrete impact nor a close simulation of
flight conditions.

2



NOLTR 71-113

The Rocket Test Sled (Ref. (8)) has found most frequent
application at Mach numbers of approximately 4 and below,
although this limit has been extended to slightly higher velocities
in some cases. The Test Sled has been used extensively for
relative rating of materials samples, but the knowledge of actual
impact and water conditions is limited and one of its major
advantages would appear to be the capability of testing true,
full-scale hardware configurations. The Rocket Test Sled is
limited to tests at one atmosphere ambient pressure.

The small Aeroballistics Range and the techniques described
in the following sections of this report will not provide the
fatigue information of the Whirling Arm nor the full-scale model
capability of the Test Sled. The capability for highly controlled
impact studies through a continuous range of velocities from
subsonic to hypersonic is unique, however.

The information can be obtained very rapidly and relatively
economically and for the study of new materials should be used
for initial evaluation prior to testing in other facilities such
as those discussed previously.

The discrete impact and materials response information with
definition of damage thresholds is invaluable at this state of
the art for an understanding of new materials and interpretation
of results from fatigue and multiple impact facilities.

NOL, WHITE OAK, AEROPHYSICS RANGE FACILITY

The Naval Ordnance Laboratory at White Oak currently operates
a 1000-Foot Hyperballistics Range Facility, a 300-Foot Pressurized
Aeroballistics Range Facility and an Aerophysics Range Facility.
The latter is the smallest and most flexible and was selected
for these discrete impact studies because of its general suitability
to the problem and its capability for firing a large number of
shots rapidly and economically.

The basic facility is 300-feet long and can operate with
light gas Fun launchers through a velocity range up to 25,000 ft/sec.
Ambient pressures from atmospheric to 100 microns can be obtained.
Model sizes range from microspheres to .80' diameter specimens
for some conditions. Advanced optical and electronic monitoring
instrumentation is available.

EQUIPMENT AND TEST CONDITIONS FOR
DISCRETE IMPACT INVESTIGATIONS

The first phase of the present program was carried out with
the supplementary apparatus indicated in the sketch of Figure 1.
In this case a short-coupled arrangement utilizing a 20mm
powder gun was employed. Some control materials such as
"plexiglass" and "lexan" exhibit surface softening with extensive
aerodynamic heating. A short flight path was necessary, therefore,

3
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to accomplish controlledi firings with these materials.
Approximately five feet beyond the launcher a rain or water drop
generator (Pig. 2) was located. Immediately following particle
impact, a velocity screen installation recorded specimen velocity,
and the specimen was then capturad In flexible foam. In the tests
with solid particles, the particles arri suspended in the same
location as indicated for the drop generator. In order to
evaluate initial drop size ard to observe drop trajectory and
condition just prior to impact, a photographic monitoring system
(not shown in Fig. 1) is employed at the generator station.

Water Drop Generator

The theoretical basis for the design of a water drop
generator was obtained from References (11) and (12). That
literature describes the relationship between the liquid velocity
through a short tube and the driving frequency necessary to
achieve precise breakup into drops of uniform size and spacing.
The proper combination of jet velocity and vibration of the
fluid or the tube will, within limits, produce regular drops
as indicated by the equations of the references. There is a
spontaneous or natural instability and breakup at flow rates
above th3 minimum, but results are not uniform and regular.

Glass capillary tubing was used for the tube in this
application in place of the more troublesome hypodermic tubing.
Less choice of internal diameter is available with capillary
tubing but the target drop diameter of 1mm was closely apprcached
(*-1l.2mm) with tubing of .6mm internal diameter in the system
shown in Figure 2a.

The water reservoir (1) is elevated by the jacking screw
to permit sensitive adjustment of the water pressure at the
injector head (4). Oscillations are induced in the injector
by a rigidly mounted choke coil driven by a small solid-state
oscillator. The choke acts on a piece of transformer lamination
rigidly attached at one end-and supporting the tube at the other
end. The resilient pad provides the spring forces. An ordinary
monaural phonograph pickup, cartridge and needle (5) were found
necessary in the shakedown of the drop generator system to
monitor driving wave forms and frequencies. A separately driven
stroboscope permits visual observation of the droplet distribution.

The present program called for nominal drop diameters of
Imm. In-house efforts are in progress to provide injectors
for other drop sizes for follow-on efforts.

Photographic Monitoring- Equipment

A low-power CW helium-neon laser beam was directed across
the model flight path at a point slightly up-range of the water
droplet stream. When the beam was interrupted by the model,
a pulse was generated which triggered a high-voltage spark gap

4
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light source in a low-sensitivity parallel beam schlieren system.
The photographs obtained from this system were used to observe
drop size and shape prior to drop-model collision.

Model Capture Technique

Evaluation of model damage due to water drop impact requires
retrieval of the model by a technique that contributes little
or no damage to the model surface. Tests with different catching
materials led to the selection, of low-density flexible polyurethane
foam squares of one-or two-inch thickness stacked so as to provide
a continuous retardation medium about six feet in length.

The range of velocities required for each material was not
known at the beginning of the investigation and it was necessary
to carry out a rapid evaluation of catching.techniques in order
to start the program.

A first estimate of the upper velocities for this phase
of the program gave a value of approximately 4,000 feet per
second and prelimizary firings were conducted on SCiFS and
Plexiglas through this range of velocities. Except for some
small chipping of the edges of the specimen at the upper limit
of velocity, no damage due to catching was visible on the SCFS
and other ceramics tested.

Plexiglas showed some roughetng of the surface at the
upper velocities, but no damage due to catching was observed
in the range of velocit~ss of interest for this material ( (2,500
ft/sec) and the technique was considered adequate for the
present investigation.

Refinement of the present catching technique appears
feasible if an increased range of velocities is required for the
more damage-resistant materials in follow-on investigations.

Subsequent data firings as reported under Results have
since confirmed the adequacy of the catching technique.

Material Specimens and Sabot Design

The material samples used in this investigation were
supplied as 1/2-inch diameter wafers of 1/2-inch thickness.

The impact of one or two separately spaced !mm water drops
near the center on these samples was considered by the Materials
Development personnel of Georgia Institute of Technology Experiment
Stabion to properly represent discrete impact damage areas in
the materials studied in this phase of the program. Impacts
near the edge of a specimen were not used for data evaluation
in a series fired for discrete impact threshold definition.
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These specimens were pressed with a gentle press fit
into cylindrical sabots of low-density polyethylene. Earlier
sabots were :epproximately .80 inch in diameter and .80 inch long
with each specimen custom fitted to its sabot. Later sabots
were of similar dimensions but contained an O-ring on the aft
portion of the cylinder to improve launch performance.

The damage photographs and data photographs in the figures
illustrate the appearance of the model-sabot combination in
flight and after capture.

LOW-PRESSURE INVESTIGATIONS

The original task plan for this program called for

investigations at lower ambient pressures. The apparatus for
the configuration shown in Figure 3 was designed and fabricated
in response to this requirement. In multiple impact with some
materials the aeromechanical damage mechanism and the degree
of interaction of damage debris with flow fields and impacting
particles depend upon the value of the ambient pressure (Refs. (5)
and (6)). In the lower supersonic velocity range of this investigation
of discrete impact, although the effect of wide differences in
ambient pressure on the material removed cannot be assumed
negligible for all materials, it may well be an indirect or
second-order effect.

The effect of pressure on drop breakup and distortion
is discussed later in this report. These effects involve
more than the single parameter of ambient pressure, however,
and depend strongly upon configurational and operational factors
in actual application.

In view of these considerations, it was decided to concentrate
effort in this program phase on normal impacts at one atmosphere
ambient pressure. Follow-on work at reduced pressures can be
carried out readily when required with the experimental
configuration of Figure 3.

The basic approach used for this phase of the program is
easily modified when it is required to accelerate solid particles
into a target specimen. In this alternate technique the specimen
is held stationary at the approximate location of the catcher
in the present test setup, and the velocity of the launched
particle or particles is measured just before impact. Variation of
specimen temperature and impact angle is more easily accomplished
with this technique.

In the firings with lead spheres in this program, the
lead pellet was held on thin filaments of Duco cement in the
same location occupied by the water drop column in the water
impact tests.

6
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DATA REDUCTION AND DAMAGE EVALUATION

In large-scale or gross damage and erosion it is reasonable
to examine the surface for damage characteristics and to obtain
by weight measurements or other means the mass of material removed.
Such an evaluation results in a characterization of damLge sites
and will supply values and relative values of mass loss ratios,
erosion rates and other evaluation parameters which can be used
to predict flight damage and rank materials for erosion
resistance.

The present study is not intended to provide this very
necessary design information, nor will the need for systematic
testing in whirling-arm type facilities be supplanted by
discrete impact studies. What is attempted in this investigation
is to carry out highly controlled discrete impacts and to record
and observe the effects of these impacts with sufficient precision
to provide specimens for advanced evaluation. The relation of
early discrete damage thresholds to velocity and particle size
and characteristics are also indicated with this technique.
The potential for detailed evaluation of material characteristics
in the damage sites for threshold impacts should, however, be
pointed out at this time. The data reduction and preliminary
evaluation described below is limited by program size and scope,
but, further, more thorough evaluation may be profitable on the
captured specimens at a later date.

Minimum Evaluation Procedure (Basic Data Recording)

In the present program phase, evaluation was limited for most
specimens to direct visual inspection, observation with low-power
optical magnification and surface examination under oblique
or grazing light. Data for typical rounds are indicated in
Appendix B. Figure 4 is an example of heavy damage on SCFS
specimens.

Scanning Electron Microscope (SEM)

The scanning electron microscope has proven very useful in
the detailed evaluation of damage mechanisms in materials. The
extremely wide range of depth of field compared to optical
microscopes gives it a great advantage (Fig. 5). NOL has a highly

* competent team in materials study who regularly employ the
scanning electron microscope. A sample set of photographs were
taken to characterize the slip cast fuzed silica in this program.

The SEM was not employed to evaluate general data specimens
and impact areas during this program because of program limitations
and the nature of the materials studied in the preliminary phase.
This instrument should be of much greater value, however, as
a diagnostic tool in composite and reinforced materials damage
studies.

7
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Figures 6 through 16 are included to demonstrate the
characteristics of slip cast fuzed silica as viewed with the SEM.
It can be seen from these examples that the limited damage
areas studied exhibited the characteristics of simple fracture
in the damage sites. This is demonstrated in Figures 7, 13,
and 16, when compared with Figure 8.

DROP DISTORTION AND BREAKUP

It has been established for many years that in some cases
of flight in actual rain environments the action of shock waves,
flow fields and shock layers upon the incoming raindrops results
in disintegration of the drop to the degree that no sensible
damage is inflicted by water impact.

A very impressive and valuable background of theoretical
and experimental effort has been carried out in this field. New
contributions are continually being made. The results of
References (13) and (14) for the lower Mach number regime and
Reference (4) for high Hach number strong shocks are representative
of the present .knowledge of analytical estimation of drop
distortion and breakup.

In evaluating or predicting water impact damage in any
flight situation, it is important to investigate the water droplet 1
environment and consider the drop trajectories and flow conditions
from free stream to impact in a given area on the actual
configuration. Obviously, the enterprising designer will take every
advantage of drop breakup phenomena to reduce and eliminate
water damage.

In many cases of experimental simulation, however, the
drop distortion or breakup is minimal or nonexistent because of
small standoff distance or other factors and it is reasonable to
consider that impact between a spherical drop and the specimen
surface represents a true physical model of the phenomenon.

In the present investigation, which extended over a rather
wide range of conditions for several materials, drop disintegration
does not appear to present a serious problem, but the effect of
drop distortkon and initial stripping of some drop mass must
be evaluated to truly represent impact conditions.

An important consideration in the present tecLnique is
that impact conditions have been continually monitored photographically,
as well as estimated analytically. This prevents the generation of
questionable data where impact or water conditions are unusual or
to some extent unknown, which, unfortunately, is the case in some
of the past test data on water impact.

The present discussion will be limited to a general description
of the problem with an attempt to identify the phenomenon as it
affects the results of discrete impact research.

8
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Engel, in work with a shocktube at NOL, White Oak, worked
in the low supersonic Mach number region of interest in the
present study (Ref. (13)).

In the range of velocity of Mach numbers from 1 to 2 with
drop diameters of 1.4mm her results indicate that in order to
experience drop disintegration, a standoff distance of several
inches would be required. In most of the present investigation,
this distance is less than an inch.

Four classifications or types of drop phenomena are of
importance in high-speed droplet impact.

Drop Distortion
Drop Stripping
Drop Breakup by the Stripping Mode
Drop Breakup by the Catastrophic Mode

In impact experiments of tne type reported here, the
last two phenomena can be safely disregarded for any but
exceptional cases.

It also api ars that in many cases the first two will be
insignificant in effect. In order to describe precisely the
nature of the droplet impacting the specimen, however, it is
important in a proper experiment to monitor and/or predict the
extent of the first two effects, distortion and stripping, in the
event that they reach values great enough to influence the damage
mechanism.

It might be added at this time that in almost any conceivable
impact situation in whirling arm and sled testing, there will be
some degree of drop distortion and stripping.

To date there have been efforts to correlate drop distortion
and stripping by several parameters; Weber number, Nmixed*
Reynolds number and others.

The present discussion will be limited to some simplified
correlations of experimental data which give a means of predicting
the extent of these effects in the flight case.

Reinecke, et al, have reduced several of the data to the
parameter of a dimensionless time, T.

This dimensionless time can be utilized to obtain reference
numbers with which one can predict the extent of drop breakup,
drop distortion, and drop stripping based upon correlations with
experimental results.

9
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T = Dimensionless Time
t2  = Time Drop is Exposed to

Distorting and Stripping
Velocity

S2  = Velocity Imposed on the

t~u U Drop*
T 2U2 (1) q2 = Air Density Imposed on the

D Drop*
Liquid Density of the

Do L Drop

D 0 = Diameter of the Drop Before
Shock Passage

It can be appreciated that in the flight case the drop
trajectories must be examined in detail for a truly representative
result and drop accelerations, variations in U2 , e2 and Do should

all be considered in a strictly quantitative evaluation. This
is at best a complex and time-consuming computation and unless
no other means will provide information on impact conditions,
it is not usually justified in a materials evaluation. in the
present case, a valuable estimate of degree of distortion and
stripping can be made with some simple applications of Equation (1)
used in conjunction with observed conditions from the monitoring
photographs taken before impact.

The direct effect of ambient pressure in Equation (1) is
reflected in the density term, ?2. and this effect is a square

root effect as opposed to the effect of velocity, U2 , stay time, t2 ,

and the reciprocal of initial drop diameter, I/Do. In the evaluation

of ambient pressure on the discrete impact damage mechanism, the
effect of all these parameters on the droplet should receive
consideration, as well as the response of the material alone to
pressure differences under identical conditions of impact.

The results of observations of drop breakup by the stripping
mode indicate (Refs. (4) and (14)) that a reasonable approximation
for conditions in the present program is to consider a dimension-
less time value of T = 3.5 as representative of breakup by the
stripping mode.

The conditions under investigation in the present study are
approximately one order of magnitude below this (T ̂  .2 to .4) for
the simple applications of Equation (1).

* In the simple case these are velocity and density behind

the advancing shock.
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A summary of drop distortion results of several 
investigators

at approximately Mach 3 and above is indicated in the envelope

of Figure 1? based upon Reference (4) and the results of Ranger

and ?icholls. The range of these data is for higher Miach

numbers, but the upper boundary 
of the envelope provides a

guide for estimating the results 
of the present experiment.

Several photographs of drop characteristics 
for a range of

flight conditions are shown in Figures 
18, 19 and 20. Earlier

studies (Refs. (13) and (14)) have 
shown that the drops tend to

expand perpendicular to the direction 
of flow velocity and develop

a blunted spherical shape on the windward 
side and a flattening

on the lee side. As the flow around the drop continues 
there

appears at the periphery or meridian 
a stripping of mist or

fine droplets. The optical methods are no longer 
very valuable

in determining drop mass once this 
fog is present since even

a small percentage of drop mass in the form of mist or fog can

appear opaque on the optical record. 
This was well demonstrated

at high !'ach numbers in Reference (4) where 
shadowgraph photographic

analysis was compared with X-ray studies 
in the form of isophotes

from radiograms. On the basis of such knowledge, the 
configurations

of drops just about to impact the 
specimen, as shown in Figures 18

and 20, are interpreted to be in the 
very early stages of mass

stripping.

The present program scope did not provide for firing several

shots at each velocity to photograph 
the drops in many positions

relative to the model face. It was necessary to combine the

limited data obtained by routine monitoring 
with extrapolations

and interpolations suggested by analysis 
to estimate drop conditions

at impact over the entire range of velocities.

The shock generated by the sabot containing the specimen

was ofter preceded by a weak shock from the gun blast.

Experimental shock detachment distances were used, therefore,

to fair a curve as indicated in Fig-ire 
21.

The standoff distances read from the curve were 
then used

to determine values of t in Equation 
(1). Baeed upon these

values of t and known values of Do andfL, two curves for

dimensionless time, T, were calculated based upon the following

assumptions.

In the first case, U2 and e 2 were evaluated for conditions

behind a normal shock travelling at sabot velocity. In the second

case, stagnation conditions in front of 
the model were used to

evaluate U2 and 2" Actual cases would be expected to lie 
between

these curves shown in Figure 22.

Using the values indicated by the curves 
of Figure 22 and the

results indicated in Figure 17, curves 
were plotted for the ratio

of vertical drop diameter to original drop diameter. These results

11
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are indicated in Figure 23 and the range of observed values of
Dv/D o falb between the atheoreticalm curves as expected. The

vertical dimension of the drops can be measured more accurately
on the schlieren photos than the horizontal dimension, but optical
effects and vapor obviously cause some error.

The phenomena of distortion and stripping will certainly
exhibit some lag or inertia effects in a rapidly changing flow
environment and even a more rigorous trajectory evaluation would
contain errors from such effects.

The estimates of Figure 23 for drop distortion at impact
are, therefore, presented as being a reasonable representation of
this parameter for the results of this investigation.

The interpretation of drop stripping is a more difficult
undertaking, as discussed previously.

ReInecke gives an expression for estimation of mass removed
due to stripping in the flight case.

The drop mass at impact In the stripping mode is estimated
by the equation

m
8 + Cos "I T (2)

As an approximation of this parameter, the trend of experimental
results from Figure 23 was used in obtaining values of T for use
in Equation (2). The results of this maneuver, although lacking
in physical basis, are somewhat justified by comparison with
experimental work in shock tubes. The resulting estimates for
mass remaining at impact are given in Figure 24. The curves
of Figures 23 and 24 have been used to select values of drop
distortion and stripping for each data shot.

This aspect of the present technique may be an asset rather
-*" than a disadvantage, sinceas indicated previously, the flattened

and partially stripped drop may represent the usual impact
situation for material damage in most physical situations at
the velocities of interest for radome materials.

At any rate, for the results of the present investigation,
the conditions at impact are indicated for each data condition
and impact area in the event that detailed evaluation of the
impact process is attempted at a later date.

Impact Angle

The present phase of the program was confined to normal
impact and high angle of yaw data are not presented.

12
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An interesting auxiliary result is indicated in shots such
as number 80, however, shown in Figure 4. As can be observed in
Figure 20, the effect of the flow at the shoulder of the sabot
is to cause drops near the outer edge of the sabot to approach
at an angle. The impact areas in low-density polyethylene
as seen on the sabot in Figure 4 show a definitely nonsymmetrical
damage pattern which is probably due to the angle of impact.

Work at several impact angles is planned for follow-on
effort to this program.

Estimated values of angle of yaw are listed in the data
sheets, e.g., Appendix B.

RESULTS

Results of Phase I of this program are presented for the
sponsor in the form indicated by the data sheets in Appendix B.
Data are indicated in this appendix for the major materials and
condittns of the preliminary program. In addition, the captured
speciwnns for all firings are retained for additioual evaluation
or supplied to the sponsor with the data sheets, as desired.

Characterization sheets for materials used are found in
Appendix C.

Typical results for the major part of this program phase
(1mm water drop impact orn slip cast fuzed silica) are summarized
in Tables I and II.

The results of most of the work in Phase I are summariged
in Figure 25.

The results on some materials are not included in this report.

The results in the third column of Figure 25 represent the
data given in greater detail in the data sheets and Tables I and II.
In impact of slip cast fuzed silica with water drops of nominally
1.2mm (.0470) diameter, three damage thresholds can be detected.

Early damage is recognized at approximately 1200 to 1600
feet per second impact velocitydepending upon the characteristics
of the material surface. This damage takes the form of very
small surface pits. These pits do not appear in any apparent
systematic location within the impact area.

A second threshold occurs between approximately 1800 and
2400 feet per second in which the pitted areas become circular
in form and flat or uneven floored craters appear with increasing
velocity

13
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Above approximately 2uO to 2500 feet per second the
craters take the form of classical impact craters with ringed
depressions around their outer edge. This damage is heavier
in nature and represents relatively heavy material loss compared
to the early threshold.

There has been no effort in this phase of the investigation
to study the detailed impact areas in order to attempt correlation
of damage at differer' velocities with solid particles and
water. However, preliminary results with two sizes of lead
spheres are presented in columns 1 and 2 for comparison with
water impact results with slip cast fuzed silica. At very low
velocities with .050" lead spheres slight marking of the surface
with no visible damage occurs. In the range from 200 to 500
feet per second lead deposits appear in the surface material.
Incipient damage may be inflicted under these conditions, but
the simple evaluation techniques used do not permit the measurement
of such damage if it exists. Above 500 feet per second imbedded
lead deposits and irregular craters start to appear.

In the series with .070" lead spheres, the early threshold
was not determined. At very low velocities, 300 to 400 feet
per second, imbedded deposits and craters appear, however,
and within a small additional increase in velocity very heavy
damage is sustained.

Several series of shots were run on Plexiglas* as a control
material. The results in columns 4 and 5 of Figure 25 are
representative of the results. The limited techniques for this
phase of the investigation mude evaluation of Plexiglas difficult.
More detailed information could probably be obtained by more
elaborate examination, Surface deformation appears at approximately
300 feet per second and imbedded lead deposits and craters are
established by velocities above 600 feet per second. In water
impact on Plexiglas the same early thresholds appear to form at
two to three times the velocities encountered with the .u)0"
lead spheres. Extensive subsurface cracks appear as velocity is
increased above approximately 1000 feet per second.

Results with Corning 9606*, a pyroceramic-type material,
were limited because of irsufficient specimens, but are indicated
in columns 6 and 7. Even at velocities of the order of 3500
feet per second no visible damage appeared with 1.2mm water drops.

A comparison of the results in columns 3 and 7 is very
similar to earlier test sled results with an SCFS and Corning 9606*
type materials.

CONCLUSIONS AND FUTURE WORK

Results of the type presented here should be necessary for all
new materials and will be useful for background reference for any
material in interpreting fatigue and multiple impact data.

*The use of traaF names does not constitute Government endorsement
or criticism of a material.

14
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The small Aeroballistics Range has been shown to offer a
rapid and controlled means for the investigation of discrete
impact in radome materials.

Although certain fatigue mechanisms in some materials are
not represented in these tests, discrete impact appears to be
worthwhile and necessary to supplement whirling arm, rocket
sled and other tests.

This is particularly impotant in the study and evaluation
of new materials.

Distinct and significant damage thresholds have been
demonstrated in ceramic materials by applying discrete impact
techniques through a continuous range of velocity.

Present plans for FY72 include additional work with SCFS
and other materials with water impact at other drop sizes, arA
solid impact through a range of velocities.

Impact at other than normal angle and at reduced pressure
can be carried out where required.

The work with additional materials through a range of
particle sizes as well as through a range of velocities should
disclose trends and thresholds beyond the limited results of
Phase3 I.

Some materials appear to show significant trends with
particle size variation as well as with velocity. The relation
of such parameters will be examined in FY72 programs.

15

I"



NOLTR 71-113

REFERENCES

(1) Engel, 0. G., "Mec , nism of Raia Erosion, Part Y, A Review
and Evaluation of the Present State of the Problem," NB5,
WADC TR 53-192, December 1957.

(2) Heyman, F. J., NA Survey of Clues to the Relationship

Between Erosion Rate and Impaot Parameters, Proceedings
of Second Meersburg Conference, August 1967.

(3) Conn, A. F. and Thiruvengadam, A., *Dynamic Response and
Adhesion Failures of Rain Erosion Resistant Coating3,*
Hydronautics, Ine., March 1969.

(4) Reinecke, W. G. and Waldman, G. D., *A Study of Drop
Breakup Behind Strong Shocks with Applications to Flight,'
Final Report, SAMSO TR-70-142, AUSD.0110-70-RR, AVCO Systems
Division, Wilmington, Hess., May 1970.

(5) Lankford, J. L., 'Application of Laser an! Flash X-Ray
Techniques in Hypervelocity Ablation-Erosion Investigations
in a Hyperballistics Range,' Paper No. 28, 9th International
Congreve on High-Speed Photography, Denver, ColorrAo,2-7 Augjet 1970.

(6) Lankford, J. L., "In-Flight Observation of Ablation/Erosion
at Hypersonic Velocities in a Ballistics Range," NOLTE 70-217,
Naval Ordnance Laboratory, Silver Spring, Md., November 1970.

(7) Morris, J. W., Jr., *Supersonic Rain and Sand Erosion
Research 0 Part II 'Mechanistic Investigation of Rain Erosion,'
TR AFXL 69-287 Part II, Textron's Bell AerosystemsCo.,
September 1969.

(8) Mortensen, R., "Rain Erosion, Testing, The Aerospace
Corporation, San Bernardino Operation, Report APP-0059(S9990)-I.

(9) Wahl, N. E., 'Supersonic Rain and Sand Erosion Research,"
Part I - *Design, Construction and Operation of a Mach 3
Rotating Arm Apparatus, AFML TR-69-287, Part I, Textron's
Bell Aerosystems Co., September 1969.

(10) Hurley, C. J. and Schmitt, G. F., Jr., 'Development ard
Calibration of a Mach 1.2 Rairi Erosion Test Apparatus,'
AFML TR-70-240, Air Force Materials Lab, WPAFB, Ohio,
October 1970.

(11) Dabora, E. K., 'Produetlon of Monodisperse Sprays,* Rev.
Scientific Instrusient, p. 502, April 1967.

(12) Linblad, N. R. and Sthneider, J. M,, Journal of ScientificInstruments, Vol. 42, p. 635, 1965.

16



.,O.T, 71-113

(13) Engol, 0. G., *Fragmentation of Water Drops in the Zone
Behind an Air Shock," Journal of Research of the NBS,
Vol. 60, No. 3, March 1958.

(14) Ranger, A. and Nicholls, J., "Aerodynamic Shattering
of Liquid Drops," AIA Journal, Vol. 7, No. 2, February 1969.

(15) Sales, A. T. and Murphy, J. H., "Supersonic Rain Erosion
Resistant Coating Materials," Georgia Institute of Technology,
Engineering Experiment Station, AFML-TR-68-364, Part III,
January 1971.

'16) "Radome Erigneering Handbock Design and 1:rinciples,"
Edited by J. D. Walton, Jr., Marcel Dekker, Inc., N. Y., 1970.

'.



TABLE I

SCFS (GEORGIA TECH LOT FROM JANUARY 1971) GROUP I

FIRST DATA SERIES, PRESSURE 760 TORR

INITIAL DROP DIAMETERS D0 = 1.2mm

ESTIMATES OF DROP DISTORTION, Dv/Do1.?7-1.4

ESTIMATES OF DROP STRIPPING, ms/moo- ,.95-.98

Shot Number Velocity Est. Comments, Minimal Evaluation
Ft/Sec Yaw Optical Magnification and

Grazing Light

88 1700 3°  Barely discernable ring approx.
1mm in diameter
Slight pits on one edge

81 1790 20 Similar to Shot 88

87 1920 30 Area approx. 1mm in diameter
showing shallow pitting in
several spots 0

86 1980 2.0 Area approx. lmm in diameter
on each of two impact sites,
deeper general pitting over
most of the area

79 2120 30 Approx. Imm in diameter site
pitting deeper than Shot 86

78 2620 00 Approx. 1mm in diameter
Definite uneven floor to crater
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TABLE I (CONT'D)

CONC.TUSIONS AND RECOMMENDATIONS

1. True threshold appears to be below 1500 ft/sec. with this
drop size.

2. Evaluation of damage sites and craters by more advanced
methods of evaluation is recommended.

3. Initial damage, from visual examination, appears to take
the form of fracture of small pieces out of the surface in
random manner.

4. Three regimes of damage appear to exist based on this
preliminary evaluation.

a. Random small surface fracture
b. General breaking out to form crater
c. Crater with depressed ring at periphery

19
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TAE3LE II

SC?.S (GSOPE:A TECH LOT ItIVOICE 3/25/71 GROUP VI)

5ECOND DATA SERIES, 760 TORR

I:ITIAL DROP DIAMSTER 1.1-1.2mm
) /DO = i.8-1.4t
DV ID04
ms/m o =' -95-.98

CO!.ENTS

The surface of this series of specimens 
was not as perfect

as that of the first. '.inute pits and very faint surface 
ridges

and depressions were observed before 
firing.

This may have been responsible for shifting 
the first

damage threshold (random pitting) downward 
to about 1400 ft/sec.

The remainder of the series at higher 
velocities behaved

very similar to the first series, 
and is not repeated here.

Below 1200 ft/sec, no visible damage 
was observed.

(See Figure 25 and Appendix B)

20
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3
101

5 12

I WATER RESERVOIR
(ADJUSTABLE HEAD)

2 FLEXIBLE HOSE
3 MANOMETER
4 INJECTOR (CAPILLARY TUBE)
5 CRYSTAL PICK UP
6 CHOKE COIL
7 FRAME
8 RESILIENT PAD
9 OSCILLATORS
10 OSCILLOSCOPE
11 POWER SUPPLY
12 STROBOSCOPE

FIG. 2 (A) SCHEMATIC ARRANGEMENT OF WATER DROP GENERATOR
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NOT REPRODUCIBLE

FIG. 2B TYPICAL DROP PATTERN FROM WATER DROP GENERATOR
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FIG. 4 IMPACI DAMAGE, SCFS SPECIMENS
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SCF

ASAN SAMPLE AND SABOT AFTEtK
FIRING AND CAPTU RE

BGRUND SAMPLE AND SABOT
AFTER FIRING AND CAPTURE

C. CAST SAMPLE PREPARED FOR

D. FRACTURE SAMPLE PREPARED
FOR SEM EXAMINATION

FIG. 6 TYPICAL CERAMIC MATERIAL SURFACES EXAMINED IN PRELIMINARY'I PROGRAM (1/411 DIAM. PREIItINARY SAMPLES)
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CHARACTERISTICS OF GR3UND SURFACE

FIG. 8 SCANNING ELECTRON MICROSCOPE PHOTOGRAPHS OF
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SCFS 100 X

SCFS 500 X

FIG. 9 CH;'.RACTERI STICS OF CAST AGAINST GLASS SURFACE
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SCFS 250 x

SCFS 1250 X

FIG. 10 CHARACTERI STICS OF CAST AGAINST PASTER SURFACE
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750 X SEMl PHOTO

230 X SEIM P40TO

FIG. B3 DUMINAION OFDAMAGE MEA 2FROM FIG. 11
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NOT REPRODUCIBLE

-- are a 2-.- *

AREAS EXAMINED

SLIP CAST FUZED SILICA SPECIMEN (CAST AGAINST GLASSi
11?' DIAM. x 112" THICK (DISC)
MOUNTED IN 0.8" D !AM. x 0.' LEXAN SABOT
VELOC ITY 545 FF1 SEC
IMPACTING NO. 9 CHILLED LEAD SHOT (0.070"? DIAIA.)

AREA 1 M1.1PACT DAMAGE AREA
AREA 2 EDGE OF IMPACT AREAj

AREA 3 UNDAMAGED AREA

FIG. 14 SCFS SPECIMEN FOR SEM EXAMINATION
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760 TORR I

1380 FT/SEC ~~~~

760 TORR
1390 FT/SEC

FIG. 19 CONDITIONS JUST AFTER DROP IMPACT
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f 118
760 TORR
2970 FIS

Do'1. 12 Mm

#78
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Do 1. 20 MM
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FIG. 20 DROP DISTORTION PHOTOGRAPHS
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APPENDIX A

BIBLIOGRAPHY AND COMMENTS

(1) *Rain Erosion at Subsonic and Supersonic Speeds,' An annotated
bibliography compiled by A. A. Beltran, Lockheed Missiles and
Space Division, Lockheed Aircraft Company, Sunnyvale, Calif.,
Special Bibliography SB-62-6, NORD Contract 17017, ASTIA No.
276495, March 1962.

This document lists with brief descriptions 91 documents on
rain erosion.

(2) One of the references listed in Beltran's compilation:

Engel, 0. G., 'Mechanism of Rain Erosion." Part X

This 'Review and Evaluation of the State of the Problemm
through. 1957 lists 100 references many of which do not
appear in Beltran's list. Some of these date from Royal
Society Proceedings as early as 1877.

Based upon a search of recent literature and knowledge
of recent Defense Department activity in areas of ablation
and erosion it seems a reasonable estimate that in the
approximately ten years since Engel 's review two or three
hundred additional references must have been generated.
There has been no attempt in this program, therefore,
to assume responsibility for the thorough search and
comprehension of literally hundreds of documents generated
over almost a 100-year period.

A partial list follows of some of the documents written
since the summaries of (A) and (B) that bear upon the
general problem.

(3) Wahl, N. E., 'Investigation of the Phenomena of Rain
Erosion at Subsonic and Supersonic Speeds, AFML -TR-65-330,
October 1965.

(4) Schmitt, G. F., Jr., 'Research for Improved Subsonic and
Supersonic Rain Erosion Resistant Materials," AFML-TR-67-211,
January 1968.

(5) Hurley, C. J. and Schmitt, G. F., Jr., "Development and
Calibration of a Mach 1.2 Rain Erosion Test Apparatus,"
AFML-T-70-240, October 1970.

(6) Wahl, N. E., *Supersonic Rain and Sand Erosion Research,"
Part I - "Design, Construction and Operation of a Mach 3
Rotating Arm Apparatus,'w Tech. Rpt. AFML-TR-69-287, Part I,
September 1969.
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(7) Morris, J. W., Jr., *Supersonic Rain end Sand Erosion
Research," Part II - OMechanistic Investigation of Rain
Erosion,' Tech. Rpt. AFML-TR-79-286, Part II, September 1969.

(8) Bowden, F. P. and Field, J. E., "The Brittle Fracture of
Solids by Liquid Imlct,' Proceedings of Royal Society,
A 283, 331, 1964.

(9) Field, J. E., 'The Importance of Surface Topography on
Erosion Damag e Forschungskunference Regenerosion,
Meersburg, 1961.

(10) Heyman, F. J., 'A Survey of Clues to the Relation Between
Erosion Rate and Impingement Conditions,' Forschungskunference
Regenerosion, Meersburg, 1967.

(11) Eichelberger, R. J., 'Hypervelocity Impact,' in N. J.
Hoffington, Jr. Ed."Behavior of Materials Under Dynamic
Loading,"American Society of Mech. Engr.,N. Y., 1965.

(12) Conn, A. F. .and Thiruvengadam, A., "Dynamic Response and
Adhesion Failures of Rain Erosion Resistant Coatings,"
Hydronautios, Inc., March 1969.

ASM Tech. Paper, ASTM Meeting, Atlantic City, N.J.9'
June 1969.

(13) Davis, A. R., Environmental Technical Application Center,
USAF, MTAC, 'Re-Entry Precipitation Environment,' ETAC
Report No. 6026, July 1968.

(1) Hardy, K. R., Vertical Profiles of Particle Size and
Concentration," Air Force Cambridge Research Laboratories.

(15) Third International Conference on Rain Erosion and
Associated Phenomena, Elvetham Hall, London, England,
11-13 August 1970, Sponsor, Royal Aircraft Establishment,
Ministry of Technology.

Partial List of Papers

(A) Mortensen, H. B., 'Rain Erosion Testing from 1 to 6 K/Se,'
The Aerospace Corporation, San Bernardino, Calif.

(B) Rieger, H., 'The Influence of Various Test Parameters
on Material Destruction at Drop Impact,' Dornier System
GmAI, Germany.
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(C) Field, J. E., Camus, J. J. and Gorham, D. A,, *Erosion
Processes,' University of Cambridge, England.

(D) Walton, J. D. "Evaluation of Ceramic Coatings for Rain
Erosion Protection, Georgia Institute of Technology,
Atlanta, Georgia.

(E) Herbert, W., "Comparison Between Some Characteristic
Parameters of Rain and Sand Erosion," Dornier System,
GmbH, Germany..

(F) Reinecke, W. G. and Waldman, G. D., *An Investigation of
Water Drop Disintegration in the Region Behind S'.rong
Shock Wavest AVCO Corporation, Wilmington, Massachusetts.

(G) Hassler, G., Wurz, D. and Barschdorff, D. *Droplet
Disintegration and Related Work (Germany),w Several papers
on work under R. Friedrich of University of Karlsorahe.

(16) Lankford, J. L., 'In-Flight Observation of Ablation/Erosion
at Hypersonic Velocities in A Ballistics Range,,' NOLTR 70-217,
Naval Ordnance Laboratory, Silver Spring, Maryland, November 19'10.

(17) Schmitt, G. F., Jr. and:Krabill, A. H., 'Velocity-Erosion
Rate Relationships of Materials in Rain at Supersonic Speeds,"
AFML-TR-70-4, October 19?0.

(18) Boland, P. and Sales, A. T., 'Supersonic Rain Erosion
Resistant Coating Materials;" Part II, Engineering Experiment
Station, Geo gia Institute of Technology, AFMLrTR-68-364,
December 196?.

(19) Harris, J. N., et al, 'Ceramic Systems for Missile Structural
Applications,' Georgia Tech. Experiment Station, Georgia
Institute of Technology, April 1970.

(20) Walton, J. D., Jr. and Gorton, C. W., "Rain Erosion of
Ceramics at High Mach Numbers,' Engineering Experiment
Station, Georgia Institute of Technology.

(21) Fjall, A. A., "Practical Aspects of Rain Erosion of Aircraft
and Missiles,' Royal Aircraft Establishment, Farnborough,
Hants, England, Phil. Trans. A Vol. 260.

(22) "Radome Engineering Handbook Design and Principles,"
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NOLTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordniance Laboratory, Wht Oak, Maryland

TEST NUMBER ____? SPECIMEN DATA

velocity 70,,'r/ material jccPS

pressure / Ii'M grouip 7

yaw angle 4 d2

sabot dia.

sabot mat' I 2OY

1.69

NOT REPRODUCIBLE

PARTCLE ATAPRELIMINARY IMPACT DAMAGE
diameter / 2 Evaluation:

composition ? 7#/u

Dy/ Do

DW/ Do______________ __

MVf/Mo

B-2



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER _____SPECIMEN DATA

velocity 7 7 ateria I

pressure /717, qroup

yaw angle size

sabot dia.

sabot mat' I Ly

T.A

*A

NOT REPRODUCIBLE

PARTICLE DATA PRELIMINARY iMPACT DAMAGE
diameter Eva luation: _______

coq3positionT&'./ 74-

Dv/ Do

Dh/ Do

MVIW0

B-3



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

,EST NUMBER 8 SPECIMEN DATA

velocity / . materia I F

pressure / ,A 7., group

yaw angle size

sabot dia.

sabot ma,,' I

.0WT REPRODUCIBLE

PARTICLE DATA PRELIMINARY IMPACT DAMAGE

- 0 /,nEvlato

diameter Evlaio-

Dv/ Do/.,_.

Dhl Do ..

B-4



NOLTR 71 -1 13
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER SPECIMEN DATA
velocity materia 1 ~

~:pressure 7Mgroup
* yaw angle size -

sabot dia. X

sabot mat' I

NOT REPRODUCIBLE

PARTC LEDATAPRELIMINARY IMPACT DAMiAGE
diameter / -YCEvaluation:

compoition /e14?~ 7C7wP,

Dy/ Do

Dh/ Do _ __ _ _ _

B-5
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AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER - SPECIMEN DATA

velocity / C' 7 '- material SCIf

pressure / /
" group

yaw angle size IV

sabot dia. -_ _ "

sabot mat' I _ _'__ _

NOT REPRODUCIBLE

PARTICLE DATA PRELIMINARY IMPACT DAMAGE

diameter " Evaluation:
c o m p o s -t i o n P , if / 4 " .6 ./ Z ., ., , , . = , , 7 ; , , u

Dv/Do /" " __
-

Dh/ Do _""-"

B-6



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER ___SPECIMEN DATA

velocity ;Z materialI 'S C /i 3

pressure //71y! group Z

yaw angle 5size 2

sabot dia .6.

sabot mat' 7 o___

0

NOT REPRODUCIBLE

PARTICLE ;.)ATA PRELIMINARY IMPACT DAMAGE

diameter -' A Eva- 1.ation:

Dy/ Do

0h/ Do- -_ _ _ _ _ _ _ _ _

MV/Mo

*1 B-7
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AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER _ SPECIMEN DATA
- ,'2, ateral /-" , -

velocity material

pressure / 71e group

yaw angle size ....

sabot dia. _ _ _ I
sabot mat' I- -

: NOT RfEPRODUCIBLE

PARTICLE DATA PRELIMINARY IMPACT DAMAGE

diameter /, , Evaliuation :

con-posit ion P" ' ep J"c; bDCF1Z 9 -"TO

Dvl Do / 7f ,r u

Dh/ Do

B-8
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NOLIR 71-113
AEROPHYsICS RANGE

Us S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER 
_____SPECIMEN DATA

ve loc ity Z2 34 materiaI 1c'--j -pressure 9 7-- group
yaw angle _Z4.e -Sosize

sabot dia.

sabot mat' 1 ____

NOT REPRODUCIBLE

PARTICLE EPATA PRELIMINARY IMPACT DAMAGE
diameter m'? va uation:________
comnpositioni W.4 ?-' 7,-A

Dv/ DoL 3
DfV Do

MV/Mo

B-9
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AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER _ " SPECIMEN DATA
velocity 22S - /, S material SCF"

pressure / ' 7" group

yaw angle .2, s- size -

sabot die. . 'f

sabot mat'l

V*

3 ~~ . A t '8" _

/ 4'

, o

NOT REPRODUCIBLE

PARiC LE DATA PRELIMINARY IMPACT DAMAGE
,",rneter /.Evaluation:

Dv/Do __ ,': __" _

Dh Do Do . _.. ....

B-10



NOLTR 71 -113
AFROPHYSICS RANGE

U. S. Naval Ordnane Labora.tory, White Oak, Marylbnd

TEST NUMBER uS"-' SPECIMEN DATA

velocity FZ. VA material ""_-_

pressure / '- 1 group

yaw angle 0 size

sabot dia.

sabot mat'i

. ipi
7

i I

NOT REPRODUCIBLE

PARTICLE DATA PRELIMINARY IMPACT DAMAGE

diameter /, ,,2/b,)1 Evaluation:

composition //?V I-/'7/ &

Dy/ Do , ' 6P~IIV

Dh/ Do

B-1Il

_ _" '1



N)LTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER SPECIMEN DATA
velocity mat-ria I

pres ure /_ '
Oup "-

yaw angle 6 size
sabot dia.

sabot mat' I -

.0
1''

Aj

NOT REPRODUCIBLE

PARTICLE DATA PRELIMINARY IMPACT DAMAGE
diameter MM Evaluation:

composition -',,.T16 %? IA/-

Dv/ Do 
_ _ _

Oh/Do

M- M2

Bl1



NOLTR 71-113
AEROPHYSICS RANGE

U, S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER ____- SPECIMEN DATA

velocity . material

pressure group

yaw angle - size __-_"

sabot dla.

sabot mat' I __ o_-_ _

NO.T REPRODUCIBLF

PARTICLE DATA PRELIMINARY IMPACT DAMAGE

diameter Evaluation:._ f

composition w/? -v 67-7 ; A1"

Dy/ Do

Dh/ Do______..-____.-_____.__________

MV/mo
B-1 3

._-J I 
I  [

--

Ie

NO EROUIL
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AEROP HYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBEK / / SPECIMEN DATA

velocity material

pressure group

yaw angle size

sabot dia. /

sabot mat' I -_______

* A/
NOT REPRODUCIBLE

PAR7'ICLE DATA PRELIMINARY IMPACT DAMAGE

diamete; "' 2n/ Evaluation: ....A '

composition 1 V1, -r

Dv/Do Do,_,'1" r'A,,6.

B-1 4



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratoty, Whte Oak, Maryland

TEST NUMBER 147 SPECIMEN DATA

velocity / 9.C) F,5 material S

pressure / ,, 7/' group

yaw angle size '

sabot dia. e..

sabot mat' I

NOT REPRODUCIBLE

A

PARTICLE DATA PRELIMINARY IMPACT DAMAGE

diameter '' 7M Evaluation: Lo ,

compositioi w /4 '-,,,- oF

Dr/ Do /?' 7 1 9"iT ,c

Dh/Do

MsVMo 9-T.6

B-15



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER /_____'SPECIMEN DATA

velocity ' , -/" material 3r- -

pressure / : group f
yaw angle , size ,

sabot dia.

sabot mat' I " ____

dimee " vlain IMv >
/ D

.Do
M9 Z

N TB-1L
PARTCLE A~v PRLIMNARYIMPCT DMAG

PARICL DA"-- PRELIMINR IMPCTDAAG

diaetr _____ Evlain:)~'

B-16



NOLTR 71- 113
AEROPHYSICS RANGE

U,, S. Navdl Ordnance Laboratory,. White Oak, Maryland

TEST NUMBER / _ SPECIMEN DATA

velocity 16 6--/1771 materia 1 'CAK
pressure ", 7M- group

yaw angle L size __"

sabot dia.

sabot mat' I , '-

S/

NOT REP.RODIJC!BLE

*PARTICLE DA'TA PRELIMINARY IMPACT DAMAGE
diameter 2-Evaluation:
composition ______ 7,6Kk' i?,-71,4&
Dv/ [ .

DW/Do

B-17

Ii



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER /"- SPECVMEN DATA

velocity /6 5'-, materia| .-cp-

pressure /,,T, group.... -

yaw angle size

sabot dia. /

sabot mat' I __._-__._

*

NOT REPRODUCIBLE

PARTICLE DATA PRELIMINARY IMPACT DAMAGE

Comiposition _ _

D,/ Do

D'/ Do

B-1I8-



NOLTR 71-1.13
AEROPHYSICS RANGE

U. S. Naval O'dnance Laboratory, White Oak, Marf)And

TEST NUMBER 1_-_a SPECIMEN DATA

velocity material ____ F_"

pressure group

yaw angle size"

sabot dia.

sabot mat'l 7ez

k .- -U
0

NOT REPRODUCIBLE

PARTICLE DATA PRELIMINARY IMPACT DAMAGE

diameter /" 2...s Evaluation:

composition 'K 'c-- 'z'o) 9 , TTiVC-
D,/Do

DIV Do _ _

B-19



NOLTR 71-113
AEROPHYSICS RANGE

'J. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER /-__ SPECIMEN DATA

velocity ;2 &/ 5 materia I .F"C '

pressure group

yaw angle , size .

sabot dia.

sabot mat' I_,_o __

NOT REPRODUCIBLE

PARTICLE DATA PRELIMINAR' :MPACT DAMAGE

diameter "^ /  ;,.Evaluation: . ..

composition coe., nm, /_.49 6--

Dv/ Do

Dh/ Do ,

B-20



NOLTR 71 -113
AEROPHYS!CS RANGE

U. S. Naval Ordnance La~,oratory, White Oak, Maryland

TEST NUMBER ____SPECIMEN DATA

velocity 2 / 6 materialI

pressure q7Mgroup

yaw angle /size

sabot dia. fD

sabot ina t I ____

Y

;'w

NOT RER 4UCBL

MVM0-

B-2



N OLT R 71 -113
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER ____-SPECIMEN DATA

velocity 23 / materia I.SC F

pressure -27/; group

yaw angle size

sabol dia.

sabot mat' I ____

NOT REPRODUCIBLE

PARTICLE DATA PRELIMiNARY IMPACT DAMAGE

diameter /jEvaluation: 0
composition -1i'z -e-' IF4-e97

Dv/ Do____ ' $i W9

Dh/ Do S2/ ?7 #

B-22 x



NOLTR 71-113AEROPHYSICS RANGE
U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER SPECIMEN DATA
velocty ~6o ~material

pressure group
vaw ar.,gle si---
sabot dia.

sabot mat' I

j 
0 j

NOT RERDUIL

P A R T C L E D A T P R E I M I A R Y I M P A T D M A Gdi m 'e L 1kw lE a u t o : -..........

compo,;tio

D/ Do

Dh D 
.................

Ms/ t~o 
----



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER SPECIMEN DATA

velocity 2 - 7" -/ material _ /-___"

pressure group

yaw angle size

sabot dia.

sabot mat' -

0 A'
NOT REPRODUCIBLE

PARTICLE DATA PRELIMINARY IMPACT DAMAGE

diameter A Z-3 Evaluation - l

composition LJ'P, t-/rf <1 )9

Dv/Do . ...._.

B-24



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Neva( Ordnance Laboratory, White Oak, Maryland

TEST NUMBER SPECIMEN DATA

velocity "- /  material

pressure / 9'4 group

yaw angle size

sabot dia. ,

3abot mat' I 4-

NOT REPRODUCIBLE

VAX
, N

• 0

PARTICLE PATA PRELIMINARY IMPACT DAMAGE

dfaneter ________ Evaluation : ' _ _ _,,

Dh/Do . VD ,,. -S._ ___.________

MVMo
B-25

r



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Navai - rdnance Laboratory, White Oak, Maryland

TEST NUMF ER /____ SPECIMEN DATA

veiocit)- -7- / materia I. I-s
pressure group

yaw angle - size

sabot dia.

sabot mat' I _______

-----.... .....
N/.

NOT REPRODUCIBLE

PARTICLE DATA PRELIMINARY IMPACT DAMAGE

diameter Evaluationi: -

cornv-osition 4 Ald V.~L D~t6

Dy/ Do .0/=_ 1/1LZ~o~7j'i

DW"Do

MS/Mo
B-26



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER SPECIMEN DATA
velocity 2'97 '<s material

pressure / group

yaw angle size

sabot dia. /

sabot mat' I_. ____

Ks

/

NOT REPRODUCIBLE

PARTICLE DATA PRELIMINARY IMPACT DAMAGE
diameter o2Evaluation:~_____
composition AAZ CfZ147-rt C.C,5

Dy/ Do/

Dh/ Do -4->A0.o,7-- 4ZFLA

MS/M,
B-27



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER /_ SPECIMEN DATA
velocity material S'F,

pressure group

yaw angle size

sabot dia.

sabot mat' I1__ -___ -_-

r• %

NOT REPRODUCIBLE

PARTICLE DATA PRELIMINARY IMPACT DAMAGE
diameter Evaluation:

composition 4/ ,A#-6A- C/Z -- S

Dv/ Do O, . o ,n, Z,.
Dh/ Do

Ms/mo

B-28



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER . SPECIMEN DATA

velocity material

pressure / group

yaw angle io ze

sabot dia.

sabot mat' I "_____'"

PARTICLE DATA PRELIMINARY IMPACT DAMAGE

diameter 42 r valuation :-

composition l-&-rcK/ .-V6-t4X /.-1G.HT"

o,,IDo ,--o_9 ,. .

DIV/Do - .. . .
, MS/ _. m-- 9 2,C .,.. ... .. .

8-29

L0



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Navel Ordnance Laboratory, Whit* Oak, Maryland

TEST NUMBER SPECIMEN DATA
velocity / -9?6 F/ material Pi 6Lt.r

pressure / 7gu

yaw angle p six* __,___

sabot dia. " P

sabot mat' I

II
AD

NOT REPRODUCIBLE

PARTIC LE DATA PREUMINARY IMPACT DAMAGE

diameter " , Evaluation.:

com p osition W Q' 7 " .c-/f /(Z;

A[

B -30



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER SPECIMEN DATA
velocity • 1:, material '-

pressure group
yaw angI-2 size ,_ _

sabot dia.

sabot mat' I

...

0

NOT REPRODUCIBLE S

PARTICLE CATA PRELIMINARY IMPACT DAMAGE
diameter "2 /'n Evaluation :
composition V- 1-4 -rc,, ,.

D/Do

Dh Do

M-3Mo

B-3 I



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER SPECIMEN DATA

velocity /-2 (0 /1 mater."a

pressure / 'T' group

yaw angle Size -

sabot dia.

sabot mat' 1 4_9z__ .

NOT REPRO DUCIBLE

PARTICLE DATA PREUMINARY IMPACT DAMAGEf
diameter // " mEva Iction : ..

composition if- l' "~ -i Q rr j v -

Dh/ Do M-- ,.A% ,;, r I ,

M S/ A o 17 " • 9k 0 ... .

B-32



NOLTR 71-113
AEROPHYSiCS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER SPECIMEN DATA

velocity /3 " material ___e1

pressure group -

yaw angle size

sabot dia. ,

sabor mat' I

!, 
NJOT REPRODUCIBLE

PARTICLE DATA PRELIMINARY IMPACT DAMAGE

diamter / ,,,.Eva luation:-

B:.33

J0

doroiamtrEation:WATf-t

DW-/Do z___ -6~'J6 4 9

MV/ Mo .9, _ _ _ _ _ _



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

6I
TEST NUMBER - SPECIMEN DATA

velocity / ') /%- material " e - )-,

pre..ure / group

yaw angle / size

sabot dia. -

sabct mat' I

#J

*

h9T REPRODujCjbLE

PARTICLE DATA PRELIMINARY IMPACT DAMAGE .

* 1!

diamet-er _ / 5 iEvaluvation :. .

composition -Z

D-,/ Do __/ .. i,1_t - ,,j ,. .P ,<'

Oh/ Do...- -

B-34



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Nava, Ordnance Lhborafory: White Ok, Maryland

TEST NUMeER ' . SPECIMEN DATA

velocity material f A

pressure group

y a w a n g l e s i z e _ _ _ _ _ -- -

sabot dia. __, o
sabot mat' 1 .]_ +

I "

F0

>1 NOT REPRODucIBLE

PARTICLE 1;ATA PRELIMINARY IMPACT DAMAGE

d;amete; , ,//, Evaluation .

C o m p o siti CI .

Dv/Do ...L __ -

DV Oo

B-35



1- V

AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER _ __SPECIMEN DATA

velocity/ e ' aira

k pressure - group

yawvangle / ,size

sabot dia.

sabot mat' I

dimee AI vlain
compo;itin wA~t;A:4:' og~ov 7

PARICL DAT
PRLhiAY MACDAMG

diameer 1 2 ~ valutio6



V
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AEROPHYSICS RANGE
1 U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER SPECIMEN DATA
Velocfi, __2 -7 material

pressure / :z7" group

yaw angle ize

sabot dia.

sabot mat' I

I

c "

'1!

NOT REPRODUCIBLE

(PARTICLE DATA PRELIMINARY ;MPACT DAMAGE

diameter ___- O /Evailuation :

£ ~~Dy/ Do 'rPLC

Oh/ Do - ~ ~j75,

B-37
B-37
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AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER SPECIMEN DATA
velocity -3 material "_,__'_.

pressure Z. group
yaw angle 3 size ___"4,-

sabot dia. f s Y/

sabot mat'I ;P0 e-Y-

a\

/

NOT REPRODUCIBLE

PARTICLE DATA PREIMINARY IMPACT DAMAGE
diarnt.r el Evaluation:

conmposiricZielx Z _____ L6 /- S7- 7
Dr/Doi .- _. , .;_ Cs-,,.

D / D o _ __

B-38 1
,1



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER / 2 SPECIMEN DATAvelocity - 71 '/. material P______ _',/__

pressure / '7 group
yaw angle - size ,__"_
sabot dia. FO/

sabot mat'l _I_____,-

'9

L.A

PARTICLE DATA PRELIMINARY IMPACT DAMAGE
diameter 

Evaluation: 2 V& -,.--
composition J1-] l' 't'- cb 9AJ . -,, '-
Dy/Do C0-
DIV/Do 

eq * cPoJ
Ms/Mo

B-39
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AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER / '°' SPECIMEN DATA

velocity material

pressure group

yaw angle 40 size _ _'"

sabot dia. *

sabot mat' I POL- "

/

NOT REPRODUCIBLE

PARTICLE DATA PRELIMINARY IMPACT DAMAGE

diameter Eva luation:

composition 1- 4P,'y og ,9' --

Dv/Do -v-7W (,,-' ,

" DWDo

B-40



NOLTR 71-113
AEROPiYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER SPECIMEN DATA
velocily F.32 ', material o6
pressure .,, group

0yaw angle 
size

sabot dia. /

sabot mat'l .,I____

A \

" T RE'P"o0'C!8LE

PARTICLE DATA PRELIMINARY IMPACT DAMAGE
d;ameter C5- Evaluation:_
comutpositionL

Dv/Do

Df/Do

8-41



z1i

NOLTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordnance 3boratory, White Oak, Maryland

TEST NUMBER SPECIMEN DATA
velocity // "- '; material 96 6

pressure ""; "h' group .- Z-
yaw angle T sizes'ze

sabot dia.

sabot mat' I ;-)-, y

Ai

/II

N OT REPRODUCiBLE

PARTICLE DATA PRELIMINARY IMPACT DAMAGE
diameter - Evaluation:

composition 6_-q _ D /9 7)- 'o, ".5

Dv/Do

Dh/Do

B-42



NOLTR 71-113
AEROPHYSICS RANGE

U. S. Naval Ordnance Laboratory, White Oak, Maryland

TEST NUMBER J/"_"/ SPECIMEN DATA
velocity /-mateial 2 - 6

pressure 777-group_ ....
yaw angle ie__size___"_
sabot dia. ,

sabot mat' 1 __ -___

I

- i -,I I00E

NOT REPRODUCIBLE

PARTICLE DATA PRELIMINARY IMPACT DAMAGE
diameter Eva lua!on
comnposition o
D v/ D o , ,- , /- e. - o : - -

DB-Do

B-43
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AEROPHYSICS RANGE

U. S. Naval Ordnarnce Laboratory, White Oak, Maryland

TEST NUMBER /i'- SPECIMEN DATA

velocity "15- material 6e'o
pressure / ,group

yaw angle size 4.

sabot dia. ,____/__

sabot mat' I ______ -

'I\

NOT REPRODUCIBLE II

PARTICLE DATA PRELIMINARY IMPACT DAMAGE
diameter C52 Evaluation _

* ~composition /%irv & -
*Dv Do____ I- ~n M u~P

Dl/ Do _ _ _ _'

B-44
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APPENDIX C

CHARACTE.IZAION OF SLIP CAST FUZED SILICA
EATERIALS INVESTIGATED IN PHASE I

This information and the materials used have been supplied
by Mr. J. N. Harris of the Georgia Institute of Technology
Engineering Experiment Station.

GROUPoI

Machined frcr 3/4-inch diameter slip cast fuzed silica bars.

Ini actin- surface diamond ground to a smooth finish.

Bars cast from. Thermo-Materials Corporation, fuzed silica
slip, Lot Number 121570-1. Mean particle size of this slip
was 7.2 um. Fired properties of the 3/4-inch diameter
bars from which the 1/2-inch diameter specimens were
machined were as follows:

Modulus of rupture = 5050 psi

Elastic modulus = 6.07 x 106 psi

Bulk density = 1.976 GM/CC

GIROUP VI

Core drilled from slip cast fuzed silica plates. Surface
impacted was "As-castn surface from plaster mold. Plates
were fabricated from Thermo-Materials Corporation, fuzed
silica slip. Lot Number 091870. This material has a
mpnn particle size of 9.5pm. The plates were sintered for
six hours at 22000?. Tdical properties for this slip
sintered under these conditions are:

Modulus of rupture = 4878 psi
(3/4-inch diameter bars, four-point loading)

Elastic modulus = 5.10 x 106 psi

Bulk density = 1.922 GM/CC

?ATERIAL POR PRELIMINAY EV'ALUATIO 4ITz SCAN1IG SLFCT:.RO.N

Cast in open-face plaster mold covered with a glass plate
4 specimenns marked "P", impacted surface cast against

plaster

4 specimens marked nG", impacted surface cast against
glass

Plates for these specimens were core drilled. Plates
cest from :Thermo-Materials Corporation fuzc-d siliga slip, Lot
.umrber 019870. Firing time was six hours at 2200 F. Mechanical

C-I



NOLTR 71-113

properthes should be the same as Group VIA

NOTE: The use of trade names does not constitute Coverrunent
e-'ndrsement or criticism of' a material.

C-2


